Proper orthogonal decomposition four-dimensional Variational (POD 4D VAR) data assimilation method is used to estimate the open boundary conditions (OBCs) with a twodimensional (2D) M 2 tide in the Bohai Sea by assimilating the TOPEX/Poseidon (T/P) altimeter data. Qian et al. [14] assume that the OBCs are temporally and spatially varying and optimize the OBCs in the Bohai, Yellow and East China Seas and in this paper we only optimize the Fourier coefficients of the OBCs. In the practical experiment, the absolute mean difference between the model results and observations are 2.8 cm and 2.3 o for amplitude and phase-lag, respectively, and the cochart obtained can describe the character of 2 M tide in the Bohai Sea, suggesting that the inversion of the OBCs is successful.
INTRODUCTION
Open boundary conditions (OBCs) are crucial for the representation of tidal processes in the shallow water model which are needed to be adjusted by compared with model results and observations. The 4D VAR data assimilation method is one of powerful tool for parameter estimation ( [1] [2] [3] [4] [5] [6] [7] [8] [9] ). Zhang and Lv [10] [11] estimated OBCs or the bottom friction coefficient in different models.
One problem of the 4D VAR data assimilation is characterized by the great CPU time and memory load required for the computation of the cost function and its gradient. To solve this problem, some reduced order methods of high dimensional or infinite dimensional hydrodynamic model have been proposed. Among them, POD 4D VAR data assimilation method had also been successfully used for oceanic problems (Du et al. [12] and Cao et al. [13] ).
Qian et al. [14] had tested the feasibility of the POD reduced order model and assume that the OBCs are temporally and spatially varying and optimize the OBCs in the Bohai Sea, the Yellow Sea and the East China Sea. In this paper, we only optimize the Fourier coefficients of the OBCs. In the practical experiment, the absolute mean difference between the simulation result and observations are 2.8 cm and 2.3 o in amplitude and phase-lag and the Co-tidal charts obtained can describe the character of M 2 tide in the Bohai Sea.
This article is organized as follows: The optimization of the OBCs is described in Section 2; the numerical experiment and results are listed in Section 3; we make a summary and draw some conclusions in Section 4.
II. THE OPTIMIZATION OF THE OBCS
In this paper, the 2D tidal model and its POD reduced order method is the same as the constructed by Qian et al. [14] , which contains the infinite difference of the 2D tidal model, the POD reduced order forward and adjoint model. The POD reduced order forward model is used to simulate the tides and the adjoint model is used to optimize the control variables. We assume that   respectively. The optimization steps are as same as [14] .
III. NUMERICAL EXPERIMENT AND RESULTS
In the present study, the computing area is the Bohai sea The cost function and its gradients with respect to the OBCs are two important convergence criteria for data assimilation in this model. Figure 3 shows the cost values J (normalized by its initial value 0 J ). We define the gradients of the cost function J with respect to the Fourier coefficients , a b as follows:
where N  represents the number of the OBCs  . Figure 4 shows the gradients of the cost function J with respect to the Fourier coefficients , a b (normalized by their first values 1 1 ,
, where 1 J is the cost value J of the first iteration) versus the number of iterations. From Figures 3-4 we can see that both the cost function and gradients drop dramatically in the optimization process, which demonstrate the strong inversion ability of this model. 4D VAR data assimilation method is widely used for the optimization of the model parameters such as the initial values, OBCs, BFC, interface friction coefficient and horizontal eddy viscosity coefficient. It has been shown that the POD 4D VAR data assimilation method can provide an efficient means of generating reduced-order formulations and alleviating the computational load and memory requirements [13] . As a preliminary feasibility study, we use the POD 4D VAR data assimilation with a 2D tidal model to simulate the 2 M tide in the Bohai Sea. The numerical experiment is carried out to optimize the temporally and spatially varying open boundary conditions by assimilating T/P altimeter data. The absolute mean difference between the model results and observations are 2.8 cm and 2.3 o for amplitude and phase-lag, respectively, suggesting that the construction of the POD reduced order model and the inversion of control variables are successful.
